AND CONCLUSION
1. Single-unit recordings were obtained from the subthalamic nuclei of three monkeys trained to perform a series of visuooculomotor tasks. The monkeys were trained to fixate on a spot of light on the screen (fixation task). When the spot was turned off and a target spot came on, they were required to fixate on the target quickly by making a saccade. Visually guided saccades were elicited when the target came on without a time gap (saccade task). Memory-guided saccades were elicited by delivering a brief cue stimulus while the monkey was fixating; after a delay, the fixation spot was turned off and the monkey made a saccade to the remembered target (delayed saccade task).
2. Of 265 neurons tested, 95 showed spike activity that was related to some aspects of the visuooculomotor tasks, whereas 66 neurons responded to active or passive limb or body movements. The task-related activities were classified into the following categories: eye fixation-related, saccade-related, visual stimulus-related, target-and reward-related, and lever release-related.
3. Activity related to eye fixation ( YI = 22) consisted of a sustained spike discharge that occurred while the animal was fixating on a target light during the tasks. The activity increased after the animal started fixating on the target and abruptly ceased when the target went off. The activity was unrelated to eye position. It was not elicited during eye fixation outside the tasks. The activity decreased when the target spot was removed.
4. Activity related to saccades (~1 = 22) consisted of a phasic increase in spike frequency that was time locked with a saccade made during the tasks. The greatest increases occurred predominantly after saccade onset. This activity usually was unrelated to spontaneous saccades made outside the task. The changes in activity typically were optimal in one direction, generally toward the contralateral side.
5. Visual responses (~2 = 14) consisted of a phasic excitation in response to a visual probe stimulus or target. Response latencies usually were 70-120 ms. The receptive fields generally were centered in the contralateral hemifield, sometimes extending into the ipsilateral field. The receptive fields included the fovea1 region in seven neurons; most of these neurons responded best to parafoveal stimulation. Peripheral stimuli sometimes suppressed the activity of visually responsive neurons.
6. Activity related to target and reward ( YI = 29) consisted of sustained spike discharge that occurred only when the monkey could expect a reward by detecting the dimming of the light spot that he was fixating. This activity was present regardless of whether the monkey obtained the reward by releasing a lever or by just maintaining fixation on the target. Eye fixation on a light stimulus may not be prerequisite: sometimes it started even before the target point came on.
7. Among neurons exhibiting activity that was related to lever release during the task ( YI = 49)) four different types of responses were recorded: excitation before lever release, excitation after lever release, inhibition before lever release, and a combination of excitation and inhibition. These neurons showed no change in activity in relation to limb movements made outside the tasks.
8. Neurons related to visuooculomotor tasks were located primarily in the ventral part of the subthalamic nucleus, whereas neurons responsive to skeletomotor movements were found predominantly in the dorsal part.
9. These results are considered in relation to the current view that the subthalamic nucleus sends excitatory signals to the substantia nigra pars reticulata, which in turn exerts tonic inhibition of saccadic burst cells in the superior colliculus. In contrast to the caudate-nigral connection, which would play a role in the initiation of saccades by a disinhibitory mechanism, the subthalamic nucleus might act to suppress eye movements. The suppressive mechanism would act to maintain eye position on an object of interest, prevent unwanted eye movements under specific circumstances, or recover eye fixation once a saccade is executed.
INTRODUCTION
The subthalamic nucleus (STN) is in a crucial position to influence the output of the basal ganglia. It projects to the internal and external segments of the globus pallidus (Carpenter et al. 198 1 a; Groenewegen and Berendse 1990; Nauta and Cole 1978; Parent and Smith 1987; Smith et al. 1990 ) and the substantia nigra pars reticulata (SNr, Canteras et al. 1990; Carpenter et al. 1968, 198 lb; Kanazawa et al. 1976; Nauta and Cole 1978; Parent and Smith 1987; Smith et al. 1990 ), the major output structures of the basal ganglia system. It also projects to the pedunculopontine nucleus (Nauta and Cole 1978; Parent and Smith 1987; Smith et al. 1990 ). Inputs to STN are multiple. Signals arising from the caudate and putamen are conveyed to STN via the external segment of the globus pallidus (Kim et al. 1976; Kita et al. 1983; Moriizumi et al. 1987; Percheron et al. 1984) . The cerebral cortex is another source of input. STN receives direct projections from several frontal cortical areas ( Afsharpour 1985; Hartmann-von Monakow et al. 1978; Kiinzle 1977 Kiinzle , 1978 Kiinzle and Akert 1977; Petras 1969) .
Motor functions of STN have been suggested by both clinical and physiological studies. A lesion localized to STN produces hemiballismus (Carpenter 198 1) . This has been confirmed experimentally by making lesions in STN in the monkey (Carpenter et al. 1950; Crossman et al. 1984; Whittier and Mettler 1949) . Abnormal neural activity in STN may underlie different types of movement disorders (Crossman 1987; Mitchell et al. 1985a Mitchell et al. ,b, 1989 . Cells are found in STN that change discharge rates during skeletal movements and in response to somatosensory stimulation (DeLong et al. 1985; Georgopoulos et al. 1983) .
In addition to skeletomotor functions, the basal ganglia are thought to be involved in both oculomotor and cogni-tive functions (Hikosaka and Wurtz 1989; Wurtz and Hikosaka 1986 ) . Oculomotor functions are controlled in part by the caudate-nigro-collicular pathway. SNr exerts a tonic y-aminobutyric acid (GABA)ergic inhibition on the superior colliculus Wurtz 1983d, 1985) . During saccadic eye movements, this inhibition appears to be suppressed transiently by GABAergic inhibition originating from the caudate nucleus (Hikosaka et al. 1989a-c) . Such a disinhibition occurs when the animal attempts to make a saccade volitionally to a visual or remembered target. Presaccadic activity has been shown to occur in caudate neurons and is believed to suppress the tonic spike discharge of SNr neurons, leading to a disinhibition of output neurons in the superior colliculus (Hikosaka et al. 1989a) . In addition, cells that are related to eye fixation, visual, auditory, cognitive, and reward-related functions are found in the caudate nucleus as well as in SNr (Hikosaka and Wurtz 1983a-c; Hikosaka et al. 1989b,c) .
Although the responses of STN neurons have been studied during limb movements, their activity has not been studied in relation to visuooculomotor functions. Possible oculomotor functions for STN are suggested by its afferent connections from the cortical eye fields (Huerta and Kaas 1990; Huerta et al. 1986; Stanton et al. 1988 ) and its efferent connections to SNr (Nauta and Cole 1978; Parent and Smith 1987; Smith et al. 1990) . Because STN appears to play an important role in motor control, and damage to STN has been implicated in many movement disorders, its potential role in oculomotor functions is important to establish. Therefore in the present study we have investigated the activities of STN neurons in relation to visuooculomotor behavior in alert monkeys. We have found that nearly 20% of the STN neurons examined were indeed related to visuomotor functions. The majority of these neurons were found in the ventral part of STN. A preliminary report of this work appeared elsewhere in abstract form (Matsumura et al. 1991a,b) .
METHODS
We studied single-cell activities in STN of three alert monkeys (Macaca fuscata, adult male, Je-8.4 kg, Er-1 1 .O kg, Iv-9.0 kg) while they were performing visuooculomotor tasks. In one monkey, both hemispheres were surveyed. In the other two monkeys, only the left side was surveyed. The monkeys were trained to perform a series of behavioral paradigms (see below). The monkeys were kept in separate primate cages in an air-conditioned room. At each experimental session, usually twice a week, they were brought to the experiment room. The monkeys were given restricted fluid during periods of training and recording. Their health conditions, such as body weight and appetite, were checked daily. Supplementary water and fruit were provided daily.
Surgical procedures
The monkeys were sedated with ketamine (4.6-6.0 mg/ kg) and xylazine ( 1.8-2.4 mg/ kg) given intramuscularly, and then general anesthesia was induced by intravenous injection of pentobarbital sodium (4.5-6.0 mg l kg-' l h-l). Surgical procedures were conducted under aseptic conditions in an operating room. After the skull was exposed, holes for lo-15 acrylic screws were drilled in it. The screws were bolted into the holes and fixed with a dental acrylic resin. The screws acted as anchors by which a head holder and a chamber, both made of delrin, were fixed to the skull. Use of metal in the headpiece was avoided to permit magnetic resonance imaging ( see below). The chambers were tilted 40" laterally in the coronal plane and aimed at the center of STN [ 15 mm anterior, 6 mm lateral, and 2 mm in height, based on the atlas of M. fuscata (Kusama and Mabuchi, 1970) ].
An eye coil was implanted over one eye for measurement of eye position with the use of a method modified from Judge et al. ( 1980) . The eye coil consisted of Teflon-insulated multistranded stainless steel wire (Cooner Sales, 0.3 mm OD) that was preformed into a 16-to l&mm diam coil with three complete turns. The coil was left in a pouch made under the conjunctiva -5 mm posterior to the lateral limbal margin. The twisted lead was then threaded through a hole made on the lateral wall of the orbit. The twisted lead was threaded through a silicon tube (5 mm OD) to allow the eye to rotate freely. The silicon tube with the lead inside was covered with a dental acrylic resin and fixed to a small connector mounted on the skull. The animals received antibiotics (sodium ampicillin, 23-30 mg/kg im each day) after the operation.
Behavioral tasks
The monkey sat in a primate chair in a dimly-lit and sound-attenuated room. The monkey's head was fixed, and in front of him was a tangent screen (57 cm from his face) onto which small red spots of light were backprojected. The fixation point and the target point were back-projected spots of light from light-emitting diodes (Toshiba, TLRA 150-C) and had a diameter of 0.2". The projection system consisted of an LED light source, a pinhole aperture, and a projector lens. Three LED projectors were used: the first one was for the fixation point, and its light was projected directly onto the screen. The second and the third ones were for the target point and another irrelevant stimulus, and their lights were reflected via two galvanomirrors that controlled the horizontal and vertical positions of the light spots.
The basic task of the monkey was to fixate his gaze on a spot of light until it became dim. If the spot stepped from one location to another, the monkey was required to move his line of sight by making a saccadic eye movement to refixate the spot.
To differentiate the characteristics of STN neurons, we used two sets of paradigms. The first set required both eye fixation and manipulation of a lever (lever tasks); the second set required only eye fixation (eye tasks). Each set included different types of eye movement tasks. LEVER TASKS. Figure 1 illustrates the paradigms included in this category. Although different types of eye movements were elicited, these paradigms all required manipulation of a lever. When the monkey depressed a lever on the chair, a spot of light (fixation point) came on at the center of the screen. After a random period of time, the spot dimmed. If the monkey released the lever within a short period of time (0.5-0.7 s) after the dimming of the light, he was rewarded with a drop of water. If he released the lever earlier or later, the trial terminated with neither reward nor punishment. The trial also terminated without reward when eye position deviated from the fixation point by more than a prefixed value (usually 3" in a horizontal or vertical direction) during the fixation period (except for the first 0.7 s, which was allowed for gaze to settle down). Successive trials were separated by an inter-trial interval of l-3 s (randomized).
In the fixation task, the central fixation point (F) became dim after 1.5-3.5 s with no other visual stimulus being presented. In the fixation task with stimulus, a second spot of light (S) appeared briefly (50 ms) during the fixation period ( 1.5-3.5 s). The monkey was required to maintain fixation without making a saccade to the stimulus. This task was used to study the visual responses of STN neurons. The saccade task was designed to evoke visually guided saccades. The fixation point was turned off after a random Top: behavioral paradigms. F: fixation point (a central spot of light that the monkey must fixate to start a trial). E: schematic eye position. S: stimulation point [a spot of light that was used to detect visual response (fixation task with stimulus)]. T: target point [a peripheral spot that monkey must fixate after the central fixation point went off (saccade task)]. In the delayed saccade task, this spot was also turned on briefly as the cue of a future target while the monkey was fixating. The depression at the end of the filled area represents dimming of the spot. Bottom : locations of the fixation point and target points (o ) . In most experiments, the target point was chosen from 32 points at 5, 10,20, and 30° from the center in 8 directions. The directions of the targets are represented by the numbers of filled dots. In the raster displays of the following figures, filled dots are used to indicate the direction of target in each trial. period of time ( 1 S-2.5 s), and another spot of light [target point (T)] came on at the same time. The target point dimmed after a random period of time (0.5-2.0 s). The monkey made a saccade to the target point and released the lever in response to its dimming. The delayed saccade task was designed to evoke memoryguided saccades. While the monkey was fixating, another light spot (cue stimulus) came on briefly (50 ms), which indicated the location of a future target point. The monkey was required to maintain fixation for 2-3 s, until the fixation point went off. The monkey then was required to initiate a saccade to the remembered location of the cue stimulus before an actual target point came on, 600 ms later. When the target came on, the monkey then fixated on the target to detect its dimming and obtain reward. EYE TASKS. The same set of eye movement tasks were included in this category, which, however, did not require manipulation of a lever. The monkey was rewarded when he maintained fixation on a target spot until it became dim. Appropriate fixation of gaze within the eye position window was required (see above); the size of this window was made larger for more eccentric targets. When eye position was maintained within the fixation window, a reward was given 300 ms after the dimming; failure to maintain fixation terminated the trial. When the task was changed from a lever task to an eye task, the monkey ceased to use his hand during several trials. Thus eye tasks helped to differentiate visuooculomotor responses from limb movement-related responses. EXPERIMENTAL PROCEDURE. In most ofthe experiments, the location of the target point was selected from 32 points (8 directions with 5, 10, 20, and 30" eccentricity, Fig. 1 , bottom). When spike activity of a single neuron was isolated, we performed an initial screening procedure to test whether the neuron had any visuooculomotor properties. This consisted of the saccade task and the delayed saccade task, both requiring the use of the lever; the target point was chosen randomly out of four directions (right, left, up, and down) with the eccentricity of 20". If task-related activities were observed, we ran a series of experiment in blocks using different tasks while recording the unitary spike activity and eye movements. For each block of experiments (usually consisting of 40 trials), target points were used that had the same eccentricity but different directions (8 or 4 directions). The target location also could be moved manually. This permitted us to determine the visual receptive fields and movement fields of neurons.
Recording procedures
To determine the location of STN, we obtained magnetic resonance images of the brain before unit recording (Hitachi Laboratory MRIS, 2.11 tesla). The magnetic resonance images provided the approximate location of the STN in relation to the XYZ coordinate of the chamber. Glass-insulated Elgiloy microelectrodes (Suzuki and Azuma 1976, lo-15 MQ measured at 10 Hz, exposed tips 15-20 pm) were used for extracellular recording of single cell activities in STN. The electrodes were driven by a hydraulic X-Y coordinate micromanipulator (MO-95, Narishige, Tokyo) that was attached to the chamber. In one hemisphere, we surveyed STN widely to study the topography of the responses within STN. In other hemispheres, we implanted guide tubes (Teflon tube, 1.2 mm OD) one at a time for repeated electrode penetration. Insertion of the guide tube was performed under anesthesia with ketamine hydrochloride. Eye movements were recorded with the use of the magnetic search-coil technique ( Robinson 1963 ) .
The behavioral tasks as well as storage and display of data were controlled by computer (PC 980 1 RA2 1, NEC, Tokyo). Eye positions were digitized at 500 Hz and stored continuously during each block of trials. The unitary action potentials were passed through a window discriminator, and the times of their occurrences were stored with a resolution of 1 ms. At the time of each experiment, spike rasters and eye position data were displayed on-line on the computer monitor.
The monkey's behavior was continuously monitored by an infrared camera. The camera system, with the use of mirrors, allowed us to observe body movements of the monkey in two perspectives: first, to see gross movements (hand/arm movements associated with manipulation of the lever, postural changes, and foot /leg movements) and second, to see movements in the face (eye movements, eye blinks, and oral movements associated with water intake). To examine somatosensory and skeletomotor responses, body parts of the monkey were manipulated by the experimenter. Each monkey was conditioned to relax during these manipulations. Spike discharge during these manipulations was monitored with the oscilloscope and audiomonitor. The responses were evaluated by at least two observers.
Histology
Several marking lesions were placed by passing positive currents (2 PA for 200 s) through the recording electrodes. The marks made for each penetration usually were placed at similar depths, 2-3 mm above STN. This produced a distinct pattern in the histological sections. A few marks were also made at the sites where STN neurons were recorded (Figs. 2 and 3).
At the end of the experiments, each monkey was perfused transcardially with saline followed by 4% paraformaldehyde,
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ET AL. under deep pentobarbital sodium anesthesia. The head then was fixed to the stereotaxic device, and the brain was cut in the coronal plane into blocks of 12 mm thickness. The brain was postfixed for 2 wk. Serial coronal sections (40 pm) were cut on a cryotome and stained with cresyl violet.
Reconstruction qf electrode penetrations
The marking lesions were visualized on histological sections as round iron deposits. On the side without any guide tube for electrodes, among 33 penetrations, all but two of the electrode tracks could be identified. The recording sites of STN neurons thus were FIG. 3. Location of the left STN and the surrounding structures at the same level shown in Fig. 2 . This corresponds to the rostrocaudal level, A14.5, as illustrated in Fig. 4 . CP, cerebral peduncle: GPi, internal segment of the globus pallidus: IC, internal capsule: OT, optic tract: STN, subthalamic nucleus: SNc, substantia nigra pars compacta: SNr, substantia nigra pars reticulata: ZI, zona incerta. plotted along the identified tracks; their depths were calculated by the distances to the depth of the marks that were read on the electrode manipulator at the time of experiment. Here we took into account the extent of tissue shrinkage due to fixation, which was estimated to be 10% on the basis of the distances between the marks.
The location of the guide tube was obvious in the histological sections. The depths of the recording sites were determined by comparing the manipulator readouts of the electrodes and the identified marking lesions.
RESULTS
A total of 265 neurons were recorded from STN in four hemispheres of three monkeys, their locations later being confirmed histologically. As shown in Table 1 , 95 neurons responded during the task; 66 neurons responded during the animal's active movements or in response to passive manipulation of the body. No responses were observed in the remaining 104 neurons.
General characteristics of STN neurons
Background discharge rate of neurons in STN ranged from 5 to 48 spikes/s (mean 18.47, SD 8.8 > and presented a unimodal distribution. Unit discharge patterns were usually irregular, sometimes occurring in doublets or triplets. No significant differences were found in background discharge rate between responsive cells and unresponsive cells. Visual responses were frequently found adjacent to STN in the zona incerta, where unit discharges usually were regular and tonic. As expected, visuomotor-related activity was also commonly found in SNr.
Classification of task-related activities
Neurons related to the behavioral tasks were further classified as fixation-related, saccade-related, visual-, targetand reward-related, and lever release-related. Note from Table 1 that individual neurons sometimes exhibited more than one type of activity. However, the neurons that pre- sented activity related to visuomotor behaviour were usually not accompanied by skeletomotor activity.
Topogru ph 1~ I Figure 4 illustrates the locations of visuooculomotor neurons and other (skeletomotor responsive) neurons recorded in one hemisphere. The majority of visuooculomotor-related neurons were located in the ventral part of STN, and they tended to form clusters. No obvious segregation was found between visuooculomotor neurons that exhibited different types of responses during testing. In contrast, skeletomotor neurons tended to be located in the dorsal part of the nucleus. Although we found no evidence of a clear somatotopic organization in our sample, there was some tendency for orofacial responses to be found in the dorsolateral part of STN, trunk-related responses in the dorsal area, and limb-related responses in its central area. These responses were recorded from neurons that were in- Twenty-twoneurons exhibited sustained spike activity during attentive fixation, either on the fixation point or target point. However, these changes in firing rate were not observed during spontaneous fixation outside the task. Examples of such responses are presented in Figs. 5 and 6. In most cases (Fig. 5) , discharge rate increased gradually after the fixation point came on and the monkey made a saccade to it. This fixation-related activity was sometimes preceded by an anticipatory discharge. The activity could be interrupted if the visual target was removed from the central visual field. This was typically observed during the saccade task, when the fixation point was replaced with a peripheral target point (Fig. 5 ) ; 14 of 2 1 tested neurons showed a transient decrease of firing, and this occurred during the period when the monkey made a saccade to the peripheral target. The activity also ceased abruptly when the target went off at the termination of the trial. A similar transient decrease of firing was observed when the fixation point was blinked off for a short period while the monkey was fixating (Fig. 6) . The latencies of the off responses ranged from 107 to 174 ms (mean 130.8 ms, SD 19.6 ms). In the seven other neurons, decreases in firing rate at the time of fixation off were unclear. The index was defined by the equation T/C; C and T: mean discharge rates within a control period and a test period, respectively. The control period was a 1 ,OOO-ms period starting 1,000 ms before offset of the fixation point; the test period was set by eye to cover the total period of the responsive phase of saccadic activity. Hatched circle: response index of 1, indicating no change in spike activity; points outside and inside the circle indicate increase and decrease of spike activity, respectively. The side ipsilateral to the neuron is shown on the left and the contralateral side on the right. The fixation-related activity was unrelated to the position of the fixation target. As illustrated in Fig. 5 , discharge rates were virtually the same whether the monkey was fixating at the central fixation point ( F) or one of the four peripheral target points (T) 20° eccentric to the center. None of the neurons recorded in STN showed significant relation to the position of the eye during fixation.
Fixation-related neurons usually exhibited irregular changes in spike frequency during fixation. There was no indication, however, that the changes were related to the accuracy of fixation or to small fluctuations of eye position.
ACTIVITY RELATED TO SACCADES.
Twenty-two neurons exhibited saccade-related spike activity. This activity was associated with saccades made to either visual or remembered targets during the task; it appeared not to be related to spontaneous saccades made outside the task. Among 18 neurons fullv tested, saccade-related activity was greater for memd II  I II  -111  II  .I  I  II1  I  II  II-II  I II  I I  I I  I II  II  mmmml  I  I  mm111  I  II  * (Fig. 8) . This activity outlasted the saccades, however, usually by 100-400 ms, and the greatest changes in activity occurred predominantly after saccade onset.
Saccade-related neurons had optimal saccade directions. In Fig. 9 the polar plot of saccadic response indexes for each neuron is shown. The majority of the cells exhibited greater responses during contralateral saccades. A decrease of activity was sometimes observed with ipsilateral saccades (e.g., neurons 2, 3, and 9).
Ten of 22 saccade-related neurons also exhibited visual G/J: in the saccade task (lever task), this right STN neuron showed a burst of spike activity in response to the onset of the target point to which the monkey made a saccade. The location of target point was 3" from center ( imct ). The h istogram and raster arc aligned with respect to the onsot of the target point. U~NWK in the delayed saccade task (eye task ), the neuron exhibited both a visual response ( first burst) and a saccade-related response ( second burst). The sum of these responses, however. was smaller than the activity seen during the saccadc task. The histogram and raster are aligned with respect to the onset of the target cue ( /L$) and onset of saccade ( righf ). responses. The neuron in Fig. 10 , for example, showed a Such enhancement was seen in three of nine tested neuburst of spikes before a small upward saccade to a visual rons. target (top). The delayed saccade task (bottom) indicated that this was a combination of visual and saccadic re-Vis ml rc3pomc~~s sponses. The combined presaccadic activity (top) was Fourteen neurons responded to visual stimuli presented greater than the sum of the individual responses (bottom).
while the monkey was actively fixating the central fixation Visual response of a left STN neuron. LX/~,: while the monkey was fixating, a spot of light presented at 3" to the right produced a phasic visual response ( lever task; delayed saccade task ). Figures are aligned on the onset of target cue. The duration of the visual stimulus was 50 ms. Right: polar plots of visual response indexes for eccentricities ranging from 3 (E3) to 30 deg (E30).
Response index was calculated for each of 8 stimulus directions. The index was defined as the ratio of the mean discharge rate within a test period to the mean discharge rate within a control period (see Fig. 9 ). The control period was a 500-ms period before stimulus onset; the test period was from 80 to 180 msafter stimulus onset, which was set by eye to cover the total period of the excitatory visual response. The increase in spike frequency was limited to a small region in the upper right quadrant near the center. Spike activity was suppressed by more peripheral stimuli; this suppression was nearly complete for stimuli IO0 (see HO) from the center.
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point. As presented in Fig. 1 1 A , the receptive fields of these neurons were centered predominantly contralaterally to the side of the recording site. These receptive fields sometimes extended into the ipsilateral side as well. The receptive field had a gradient, with the response magnitude reducing gradually as the location of the stimulus was shifted away from the center of the receptive field. Seven out of 14 neurons had receptive fields that included the central fovea1 region; these neurons typically were more responsive to parafoveal stimuli. The latencies of visual responses ranged from 70 to 118 ms (mean 98.0, SD 18.1, Fig. 11 B) .
In nine neurons, firing rate decreased when a visual stimulus was presented outside its excitatory receptive field, either on the side contralateral to the excitatory receptive field (n = 6) or in the region surrounding the excitatory receptive field (n = 3). An example of the latter type (surround inhibition type) is shown in Fig. 12 . This neuron increased its activity in response to contralateral perifoveal stimuli (I[$), but its activity was strongly suppressed by more peripheral stimuli in all directions (see ElO). This suppression was even greater for stimuli presented in the same direction as the excitatory receptive field (see E30).
In two cells, the activity evoked by a visual stimulus persisted until the monkey made a saccade to the remembered location of the visual stimulus (Fig. 13 ). This sustained activity was direction selective, corresponding to the receptive field of the initial visual response; no significant activity was evoked for stimuli that elicited memory-guided saccades in other directions. ACTIVITY RELATEDTOTARGETANDREWARD.
Twenty-nine neurons presented activity that was related to the monkey's fixation on the target point, which was followed by the delivery of reward; these neurons were not activated while the animal was fixating on stimuli that were not directly associated with reward. We have categorized this type of response separately from fixation-related activity (described above) because of its clear dependence on reward.
Examples of these responses are shown in Figs. 14 and 15. The neurons became active only when the monkey began to fixate on a target spot that was expected to dim. The activity was present irrespective of the location of this fixation point.
When the task was changed such that the central spot became dim (Figure 14, hottom) , after several trials the neuron became active while the monkey was fixating on it. The same result was obtained in all of the four neurons tested. This further indicates that the reward expectancy attached to the spot of light was critical for these neuronal responses.
The reward-related activity was observed even when the eye tasks were performed without manipulating the lever (unlike the neuron shown in Fig. 17 ), suggesting that these neurons were not concerned with actual type of movement employed for obtaining reward. We monitored the monkey's behavior during this period with the use of an infrared camera (see METHODS) but found no evidence of consistent body movements, including postural changes, licking movements, and other orofacial movements; rather, the monkey usually withheld gross movements. Some neurons with fixation-related activity (2/22), or with the target-and reward-related activity (4/29), showed phasic increases in discharge rate just after the fixation point came on ( Fig. 15) . To determine whether this activity represented a visual response with a receptive field, we examined eye positions at the time of fixation point onset. We found, however, no correlation between the retinal position of the fixation point and the magnitude of the phasic increase in firing rate.
ACTIVITY RELATED TO LEVER RELEASE.
Forty-nine neurons changed their activity in relation to the lever release. Neurons that had sensorimotor responses were excluded from this group. Both phasic responses ( Fig. 16 ) and preparatory responses (Fig. 17) were found. Within the phasic response category were four types: excitation before lever release (Fig. 16A, n = 14) , excitation after lever release (Fig. 16&  n = 1 I ) , inhibition before lever release (Fig. 16C, n = 13) , and a combination of excitation and inhibition (Fig. 16D , preparatory activity (n = 4). This activity started > 1 s before lever release (Fig. 17, top) . We found no evidence of consistent movements in any body parts during this period. These changes in activity were absent, however, during the eye task (Fig. 17, hotto~n) in which the monkey fixated the same target spots but did not release the lever. This result suggests that the activity was specific for the hand movements per se rather than being related to reward expectancy, unlike the neurons classified above as target-and reward-related ( see above). A summary of responses related to active movements or passive manipulation is shown in Table 1 . Effective stimuli were passive manipulation of joints and pressure on the muscles. Light touch and air-blow never evoked responses. The somatosensory responses usually had wide receptive fields, although n = 7) .
these were confined to the contralateral side. Because our Figure 17 illustrates the response of neurons exhibiting primary concern was with the visuomotor activity of these neurons, we did not examine the characteristics of these neurons in detail.
DISCUSSION
Nearly 20% of the neurons recorded from the STN in the present study became active during eye fixation or saccadic eye movements or in response to visual stimuli. The results suggest that STN participates in the control of visuooculomotor behavior in cooperation with other basal ganglia nuclei such as the caudate nucleus and SNr.
Topographic organization of STN Neurons related to visuooculomotor behaviors were found primarily in the ventral part of STN, whereas neurons related to skeletomotor behaviors usually were located in the dorsal part. This pattern of responses is consistent with the differential fiber connections of the dorsal and ventral STN with the cerebral cortex and basal ganglia nuclei. The somatomotor cortical areas (areas 4 and 6) project in a somatotopic manner to the laterodorsal part of STN, with face area located laterally and leg area medially. In contrast, the ventral part of STN receives projections from the frontal association cortices (areas 8 and 9, Hartman-von Monakow et al. 1978) as well as from the frontal eye field (Huerta et al. 1986; Stanton et al. 1988 ) and supplementary eye field (Huerta and Kaas 1990) .
STN is known to project to several basal ganglia nuclei. The globus pallidus (internal and external segments) and SNr are its two major recipient areas. Efferents from STN seem to exhibit a ventrodorsal topography. The ventral part of STN projects to substantia nigra and the caudate nucleus, whereas the dorsal part projects to the internal segment of the globus pallidus and putamen (Nakano et al. 1990; Parent and Smith 1987 ) . A mediolateral topography has also been suggested in the subthalamonigral connection (Smith et al. 1990 ). The subthalamonigral fibers terminate mostly within the pars reticulata (Carpenter et al. 198 1 b) . Cells related to visual and/or mnemonic-oculomotor behaviors are found in both the SNr and the caudate nucleus (Hikosaka and Wurtz 1983a-d; Hikosaka et al. 1989a-c) .
In the following sections we will consider how each of the visuooculomotor signals might be reorganized or integrated during eye fixation on task-specific light targets. Suzuki et through the afferent and efferent connections of the STN. al. ( 1979) were the first to characterize the types of eye fixation-related neurons in the inferior dorsolateral prefrontal cortex. Some neurons were shown to be dependent on the presence of visible targets, whereas others maintained the spike activity even when the target was turned of?' but the monkey was still fixating on the position of the target. Joseph and Barone ( 1987) found that neurons in the area superior to the principal sulcus showed sustained activity during eye fixation, but in a manner highly dependent on the behavioral contexts. These prefrontal cortical neurons thus share some features in common with STN neurons.
In contrast, the possibility that the direct inputs from the parietal cortex to STN cause the sustained STN activity is less likely, because the activitv of parietal fixation neurons is clearly related to eye posit&, unlike STN neurons (Andersen and Mountcastlc 1983; Lynch et al. 1977 : Mountcastle et al. 1975 Sakata et al. 1980) .
The eye fixation-related signals in STN mav be convevcd to SNr. Although initially considered to be inhibitory (beLong and Georgopoulos 198 1; Hammond et al. 1983b: Larsen and Sutin 1978; Perkins and Stone 1980) , STN efferent connections are now thought to be at least partlv excitatory and may use glutamate as a neurotransmitte; (Hammond et al. 1978 (Hammond et al. , 1983a Kitai and Kita 1987 : Na-A significant number of the neurons studied in STN showed sustained spike discharges during active eye fixation on task-specific targets. This activity appeared to be unrelated to eye position. It usually was not elicited during eye fixations made outside the tasks. The activity decreased when the target spot subsequently was removed. Although the origin of this activity is uncertain, both the caudate nucleus and frontal cortical areas may be two likely candidates by virtue of their projections to STN.
Many neurons in the caudate nucleus show sustained spike activity while the monkey is fixating to obtain a reward (Hikosaka et al. 1989~) . The activity is unrelated to eye position and is unrelated to spontaneous eye fixation, as in STN. Thus the sustained excitatory signals from the caudate nucleus could be transmitted to STN through serial inhibitory connections via the external segment of the globus pallidus, producing a similar sustained activity in STN. Whether the external pallidal neurons exhibit responses related to eye fixation remains to be examined.
Different parts of the prefrontal association cortex contain neurons that show sustained increases or decreases Robledo and Fi3ger 1990; Rouzaire-Dubois et al. 1983 Smith and Parent 1988) . The excitatory signals would be used to enhance the tonic spike activity of nigral cells, thus help maintaining eye fixation. Although most visuooculomotor neurons in SNr show a clear-cut decrease in firing during eye fixation, some neurons show a sustained, albeit less clear-cut, increase in firing (unpublished observations).
Smmdic activity in STN I
A group of neurons in STN showed an increase of spike activity that was time-locked to task-specific saccades. The changes in activity were unrelated to spontaneous saccades made outside the task. One third of the neurons were active predominantly during saccades made to visual targets, and another third were active predominantly during saccades to FIG. 17 . Activity related to preparation for lever release. Top: activity increased after onset of the target point and ceased 200 ms before lever release (lever task; delayed saccade task). Rasters are aligned on onset of target point (1&) and time of lever-release (rig&). Bottom: activity disappeared in the eye task in which monkey was required neither to press nor to release the lever (eye task: delayed saccade task). Rasters are aligned on onset (/<fi) and offset (C&Y) of target point. remembered targets. A similar feature was found in the caudate nucleus (Hikosaka et al. 1989a) . For more than half of the STN neurons, the onset of the saccadic activity preceded saccade onset, but not to a great extent. These results suggest that saccadic information in STN could play a role in the initiation of saccades. It seems unlikely, however, that initiation is a major function of STN neurons, because a dominant portion of their activity occurs after a saccade.
The saccadic activity in STN could be derived directly from the frontal cortex or indirectly from the caudate nucleus. The frontal eye field (Huerta et al. 1986; Stanton et al. 1988 ) and supplementary eye field (Huerta and Kaas 1990) are the two primary candidate cortical sites. Neurons that have presaccadic and postsaccadic activities are found in both areas. Neurons in these two cortical eye fields become active before purposive saccades to visual or remembered targets (Bruce and Goldbern 1985; Schlag and Schlag-Rey 1987 ) . These signals may reach STN, although the outputs from STN may occur too late to play a role in saccade initiation.
Postsaccadic activity in these cortical areas could also contribute to the STN activity. This appears less likely, however, because postsaccadic activity in these regions of cortex is usually less selective, is sometimes omnidirectional, and may occur during spontaneous saccades, unlike neurons in STN.
The caudate nucleus contains many neurons that fire before task-specific voluntary saccades (Hikosaka et al. 1989a ). This signal could be transmitted to STN through the external segment of the globus pallidus (Groenewegen and Berendse 1990; Kita et al. 1983; Ohye et al. 1976; Parent 1986) . The conditional nature of STN saccadic activity appears to be very similar to the responses of caudate neurons, including those responses contingent on visually guided saccades and those contingent on memory-guided saccades.
If the saccadic signals present in STN are conveyed to SNr as discussed above, we would expect a phasic increase of SNr cell activity. However, the saccadic activity in SNr is usually characterized by decreases in firing rate (Hikosaka and Wurtz 1983a) . There is no easy way to interpret the discrepancy. Perhaps the summation of influences from the STN with stronger inhibitory influences from the striatum always results in a net inhibition of activity in the SNr. This explanation would imply that input from the STN served primarily to alter the excitability of SNr neurons but usually did not result in clear increase in firing rate of most SNr neurons. Of course, it also remains possible that the saccade-related activity of STN neurons may not be transmitted directly to the SNr, or that perhaps these particular projections are of an inhibitory nature.
The suppressive role of the STN in saccades may be supported by the paucity of saccadic eye movements in parkinsonian patients (Hikosaka and Wurtz 1989) and MPTPtreated primates (Usui et al. 1990 ), presumably both associated with increased STN activity (Bergman et al. 1990 ). In contrast, the lesion of the STN would be expected to produce an opposite effect-hyperkinesia of the eye. However, oculomotor symptoms have been reported only in a limited number of cases (Bedwell 1960; Martin 1927) . In our preliminary experiments, injection of muscimol (a GABA agonist) into the monkey STN induced a strong eye deviation to the contralateral side in addition to ballistic movements in the contralateral body parts. Whether this is due to the blockade of the STN excitatory outflow remains to be determined.
Visual response
Visually responsive neurons appear to be always present in brain areas containing eye movement-related neurons (Bruce and Goldberg 1985; Bushnell et al. 198 1; Hikosaka et al. 1989b; Hikosaka and Wurtz 1983a; Mohler et al. 1973; Robinson et al. 1978 Robinson et al. , 1986 Schlag-Rey 1984, 1987; Wurtz and Mohler 1976) , and STN is no exception to this rule. Receptive fields of visually responsive neurons in STN were usually centered in the contralateral hemifield, sometimes extending into the ipsilateral field. This feature is similar to visual neurons in the caudate nucleus (Hikosaka et al. 1989b ), frontal eye field (Bruce and Goldberg 1985 ) , supplementary eye field ( Schlag and Schlag-Rey 1987 ) , and intralaminar nuclei of the thalamus (Schlag and Schlag-Rey 1984) . As discussed for eye fixation-related activity and saccadic activity (see above), visual signals may also be directly derived from the cortical eye fields or indirectly from the caudate nucleus. Latencies of visual responses are usually 70-120 ms in STN (present study), 60-100 ms in the frontal eye field (Goldberg and Bushnell 198 1 ), and loo-250 ms in the caudate nucleus (Hikosaka et al. 1989b ). This would seem to preclude the caudate nucleus as a major site of origin of STN visual responses. Visual signals could instead reach the caudate by the reverse connection (Nakano et al. 1990 ).
Many of the STN visual neurons responded best to parafovea1 stimulation, and these changes in firing rate were almost always increases in activity. In contrast, peripheral stimuli, either contralateral or ipsilateral, could suppress these neurons (e.g., Fig. 12 ). This effect requires wholefield integration of visual information, as postulated for neurons in a prestriate visual area ( V4, Desimone et al. 1985 ) . This type of STN neuron could act to enhance SNr cell activity if a visual stimulus was present close to the line of sight, but would reduce the facilitatory effect if the stimulus was present in the periphery. In other words, such STN neurons would decrease or increase the probability of saccades, depending on the position of the saccade-triggering stimuli within the visual field.
Activity related to target and reward
Target-and reward-related activity occurred only when the monkey could expect to gain a reward by detecting the dimming of the light spot that he was fixating. This type of neuron showed no change in activity while the monkey was fixating the central fixation point to start a trial if the fixation point itself was not associated with reward. Eye fixation on a light stimulus may not be prerequisite: sometimes it started even before the target point came on (Fig. 15 ) .
Similar responses were commonly seen in the caudate nucleus (Hikosaka et al. 1989~) . The sustained spike discharge of caudate neurons was present regardless of whether the monkey obtained reward by releasing a lever, by just maintaining fixation on the target, or by making an appropriate saccade, all features that were also observed for STN neurons (Figs. 14 and 15 ). Thus both STN and caudate neurons appear to carry information related to expectation of reward.
In the dorsomedial part of the prefrontal cortex, Rizzolatti et al. ( 1990) found neurons that showed sustained spike activity only when the monkey fixated on an object that he was ready to reach and grasp. No change in activity was seen when the monkey fixated an object but refused to reach it (e.g., a syringe). Such reward contingency appears to be similar to that observed for STN neurons, although the paradigms used to study the neurons were different. Furthermore, the prefrontal activity was unrelated to eye position, as seen in STN.
It is uncertain whether this type of activity has a motor role. It could be related to expectation of reward, contributing to the sequence of neural events that are not directly coupled with m otor outputs. Its motor role cannot be denied, however. It may help the eyes focused on a visual object by suppressing saccades. This would be the same effect expected for eye fixation-related activity, but more emphasis here would be placed on a visual object that was directly associated with reward. In addition, this target-and reward-related activity might contribute to suppression of skeletomotor behaviors, especially because the monkey usually withheld gross movements during this period.
Function of the subthalamic nucleus
We will first consider the possible outcomes of the neural activities in STN, given the presumed efferent connections, and then put forward a hypothesis for the function of STN in voluntary, purposive behaviors.
Any argument about the functions of the subthalamic nucleus critically depends on whether its neurons are excitatory or inhibitory. On the assumption that STN neurons are excitatory, as most recent studies suggest (Hammond et al. 1978 (Hammond et al. , 1983a Kitai and Kita 1987; Nakanishi et al. 1987; Robledo and Feger 1990; Rouzaire-Dubois et al. 1983 Smith and Parent 1988) , activation of STN neurons should lead to an increase of basal ganglia efferent activity, thus enhancing the inhibition of target structures such as the thalamus, superior colliculus, and pedunculopontine nucleus. The behavioral outcome of neural activity in STN should therefore be an inhibition of a motor outputs, at least for eye movements. Similar proposals have been made with respect to skeletal movements on the basis of lesions of STN, which produce hemiballismus, jerky involuntary movements in contralateral body parts (Bergman et al. 1990; Carpenter et al. 1950; Carpenter 198 1; DeLong and Georgopoulos 198 1) .
STN-mediated suppression of motor outputs may be necessary for appropriate execution of purposive behaviors. Suppose a purposive behavior consists of a set of motor acts organized in a particular spatiotemporal manner. The central motor systems would set up motor programs for these motor acts, but allow only a portion of them to be activated at a time while suppressing the others. Triggering a movement would be carried out by the removal of the suppression in a selective and sequential manner.
The subthalamic nucleus might act as an interface for these suppressive mechanisms. The mechanisms could be activated directly by the frontal cerebral cortices through corticosubthalamic connections, or indirectly through striato external pallidal subthalamic connections. The suppression should be specific, highly contingent on the behavioral contexts, and could be predictive on the basis of the motor plan. Interestingly, the basal ganglia also possess an opposing mechanism: striato-nigral/ internal pallidal connections, which would facilitate the target motor areas by disinhibition (Chevalier and Deniau 1990; Hikosaka and Wurtz 1989; Mink and Thach 199 1) . The disinhibitory mechanism would be at work for the initiation of movements, as seen for presaccadic neurons in the caudate nucleus (Hikosaka et al. 1989a) and SNr (Hikosaka and Wurtz 1983a,b) . The subthalamic suppressive mechanism would act to maintain eye position on an object of interest or recover eye fixation once a saccade is executed (this study).
Note that the above argument is based on the assumption that STN neurons transmit signals by increasing their activity. In fact, we occasionally observed decreases in activity, which would lead to an opposite effect. Furthermore, the possibility still remains that neurons in the STN are heterogeneous in synaptic action and that some of them may exert inhibitory effects on their target neurons.
